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Abstract
The aim of this study was to characterise the gut microbiota composition of piglets fed bovine colostrum (BC), milk replacer (MR) or sow
milk (SM) in the post-weaning period. Piglets (n 36), 23-d old, were randomly allocated to the three diets. Faecal samples were collected at 23,
25, 27 and 30 d of age. Digesta from the stomach, ileum, caecum and mid-colon was collected at 30 d of age. Bacterial DNA from all samples
was subjected to amplicon sequencing of the 16S rRNA gene. Bacterial enumerations by culture and SCFA analysis were conducted as well.
BC-piglets had the highest abundance of Lactococcus in the stomach (P< 0·0001) and ileal (P< 0·0001) digesta, whereas SM-piglets had the
highest abundance of Lactobacillus in the stomach digesta (P< 0·0001). MR-piglets had a high abundance of Enterobacteriaceae in the
ileal digesta (P< 0·0001) and a higher number of haemolytic bacteria in ileal (P= 0·0002) and mid-colon (P= 0·001) digesta than SM-piglets.
BC-piglets showed the highest colonic concentration of iso-butyric and iso-valeric acid (P= 0·02). Sequencing and culture showed that
MR-piglets were colonised by a higher number of Enterobacteriaceae, whereas the gut microbiota of BC-piglets was characterised by a change
in lactic acid bacteria genera when compared with SM-piglets. We conclude that especially the ileal microbiota of BC-piglets had a closer
resemblance to that of SM-piglets in regard to the abundance of potential enteric pathogens than did MR-piglets. The results indicate that BC
may be a useful substitute for regular milk replacers, and as a feeding supplement in the immediate post-weaning period.
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The increased litter size of the modern pig industry has negatively
influenced piglet viability. Large litters show great variation in
within-litter birth weights and are accompanied by an increased
number of low birth-weight piglets. Undersized piglets have
difficulties competing with heavier littermates, and experience
reduced growth rates and increased morbidity and mortality(1). To
ensure adequate feed intake of undersized piglets and hence
improve weight gain and survival chances, providing milk
replacers has been implemented by many pig farmers(2).
However, the gastrointestinal tract of undersized piglets may
be immature compared with that of normal-weight piglets,
influencing optimal nutrient digestion and absorption.
Diet is known to influence gut maturation(3). Besides maturing
functional entities of the intestinal tissues, gut maturation also
includes the establishment of a gastrointestinal microbiota(4).
The gastrointestinal microbiota is appreciated as an important
inhabitant of the body, being highly involved in host defensive
mechanisms. The local defensive mechanisms of the gut micro-
biota include competing with pathogens for mucosal binding
sites and nutrients, production of antimicrobial-like agents and
elimination of noxious substances(5,6). Furthermore, microbial
colonisation of the gut stimulates local immune cell proliferation,
hence playing a key role in the maturation of the innate and
adaptive immune system. As the gut microbiota influences animal
health, choosing a diet in favour of a beneficial microbiota may be
crucial. This is important especially at the time of microbiota
establishment after birth, as the early bacterial colonisers in the gut
are involved in the shaping of the gut microbiota in later life(7).
Colostrum is the milk secreted during the first 24–48h following
parturition(8,9). Bovine colostrum (BC) is a by-product from the
dairy industry, available in excess amounts, and a rich source
of biologically active compounds(10,11). The major bio-active
compounds are growth factors such as insulin-like growth
factor-I and II, epidermal growth factor and transforming growth
Abbreviations: BC, bovine colostrum; BC-fed, piglets separated from the sow and fed powdered BC; ETEC, enterotoxigenic Escherichia coli; LAB, lactic acid
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factor-β1 and β2, and antimicrobials such as immunoglobulins(12).
In preterm born piglets, BC has been reported to increase the
activity of specific brush-border enzymes, improve intestinal health
and decrease severity of necrotising enterocolitis when compared
with feeding milk formula(13). In term born piglets, provision of BC
rather than milk replacer reduced the intestinal colonisation of
enterotoxigenic Escherichia coli and modulated the expression of
Toll-like receptor-4 (TLR-4) and IL-2, whereas no difference
between BC and natural rearing with the sow was observed(14).
Furthermore, newly weaned piglets have shown improved growth
performance(15) and intestinal mucosal restoration(16) when their
standard weaning diet was supplemented with BC.
The effect of BC on the composition of the gastrointestinal
microbiota remains to be explored. The aim of the present study
was therefore to taxonomically and quantitatively characterise the
early colonisation of the gastrointestinal microbial community in
piglets fed sow milk, milk replacer (originating from bovine milk)
or BC in the 1st week post-weaning. We hypothesised that the
gastrointestinal microbial community of piglets fed BC would
have closer resemblance to that of piglets fed sow milk than
would piglets fed milk replacer.
Methods
Study design
The present study was conducted according to the ethical
license obtained from the Danish Animal Experiments Inspec-
torate, Ministry of Food, Agriculture and Fisheries, Danish
Veterinary and Food administration. National guidelines on
experimental animal housing, care and killing procedure were
followed. The study was performed at the experimental facility
at the Department of Animal Science (Foulum, Aarhus
University).
A total of thirty-six piglets ((Duroc× (Danish Landrace×
Yorkshire); mixed females and males) from four different sows
were included in the study. The sows originated from the herd
at Aarhus University Foulum, Denmark. All piglets were housed
with their dams until the beginning of the experiment at 23 d of
age. The thirty-six piglets (nine piglets from each sow) were
then randomly assigned to one of the following treatment
groups (three piglets from each sow per treatment): (a) kept
with the sow for the whole experimental period (SM-fed);
(b) separated from the sow and fed a commercial porcine milk
replacer powder (Grifor; Hatting KS) (MR-fed); (c) separated
from the sow and fed powdered BC (European Colostrum
Industry S.A.) (BC-fed). The chemical composition of the sow
milk, milk replacer and BC is shown in Table 1.
Piglets separated from the sow were transported to an
experimental stable at Research Center Foulum, Aarhus
University and housed in pens (1·45× 1·70m) in groups of three
littermates until 30 d of age (end of experiment). Piglets
were randomly allocated to the dietary treatments. All pens
were padded with rubber mats and piglets had access to rooting
material. Stable temperature was 24°C. Each pen was equipped
with an automated wet feeder (Mambo Automix 25; Wit-Mambo
Inc.) from which the piglets received ad libitum feeding. Piglets
had permanent access to fresh water. The powdered BC and
MR were dissolved in approximately 45°C warm water in the
automated feeder (approximate final DM percentage: BC 20
and MR 15%). To get the piglets accustomed to the feeding
machine, they were fed one portion of sow milk in the trough of
the machine upon arrival to the pen. SM-fed piglets suckled
their dams until 30 d of age (end of experiment). In an attempt
to minimise the impact of other factors than the planned dietary
intervention, SM-fed piglets were transported exactly as the
BC-fed and MR-fed piglets before returning to the sow.
This ensured that all piglets were subjected to similar stress
conditions due to transportation. Furthermore, to reduce the
influence of the microbial load in the pen environment on the
results, faecal matter from the corresponding dam was collected
from the sow pen and spread on the floor of the MR- and BC-
fed piglets’ pens daily. In this way, all three groups continued to
be exposed to the faecal microbiota of their respective dams on
a daily basis.
Sample and data collection
Piglets were individually weighed at 23 and 30 d of age. BC and
MR consumption was recorded daily as powder provided minus
leftovers from the automated wet feeder (determined by freeze-
drying). The clinical condition of the piglets was evaluated
daily, including occurrence of diarrhoea.
Faecal samples were collected via rectal stimulation on
day 23 (before transportation), 25, 27 and 30. All piglets were
euthanised at 30 d of age; the abdomen was incised and the
gastrointestinal tract removed. Total digesta content from the
stomach, proximal and distal small intestine (two equal
lengths), caecum, and proximal, mid and distal colon (three
equal lengths) were collected immediately after killing.
Subsamples of digesta from the respective segments and faeces
were taken and stored at −20°C for organic acid analysis
(stomach, distal small intestine, caecum and mid colon) and
snap-frozen in liquid N2 and stored at −80°C for 16S rRNA gene
sequencing (stomach, distal small intestine and mid colon).
Bacterial enumeration by culture was performed on a fresh
subsample of faeces and digesta (stomach, distal small intestine,
caecum and mid colon).
Table 1. Analysed and assumed chemical compositions of sow milk
(SM), milk replacer (MR) and bovine colostrum (BC)*
Dietary group
Items SM MR BC
DM (%) 17·9† 95·0 96·1
Protein (%) 5·1† 22·1 68·2
Fat (%) 6·5† 13·2 2·0
Ash (%) 1·0‡ 6·8 6·0
Immunoglobulins (% of DM)§
IgG 0·11 0·05 38·4
IgA 2·18 0·01 3·59
IgM 0·56 ND 2·52
ND, not detected.
* Chemical analyses (DM, protein, fat and ash) were performed by Eurofins Steins
Laboratory A/S.
† Adopted from Lauridsen & Danielsen(17).
‡ Adopted from Aguinaga et al.(18).
§ Immunoglobulin concentrations are adopted from Sugiharto et al.(14).
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DM and organic acid analysis
DM content of digesta was determined by freeze-drying using
a ScanVac Coolsafe 55 (Labogene ApS). Concentrations of the
SCFA acetic, propionic, butyric, isobutyric, valeric and isovaleric
acids, and lactic acid in faeces and digesta were quantified as
previously described by Canibe et al.(19).
Microbiological enumerations
Approximately 1 g faecal material was suspended in 10ml
pre-reduced salt medium(20). The content was homogenised in
a Smasher paddle blender (bioMérieux Industry) for 2min.
Approximately 5 g digesta were suspended in a flask containing
50ml pre-reduced salt medium. The flask content was
transferred to a CO2 flushed bag and homogenised for 2min.
A homogenate sample of 1ml was transferred to a Hungate
tube containing 9ml pre-reduced salt medium and 10-fold
dilutions were prepared using the technique previously
described by Miller & Wolin(21). The samples were plated on
selective and non-selective agar plates.
Enterobacteriaceae were enumerated on MacConkey agar
(Merck 1·05465) after aerobic incubation for 1d. Yeasts were
enumerated on malt, chlortetracycline and chloramphenicol agar
(Merck 1·03753 (yeast extract), 1·05397 (malt extract), 1·07224
(bacto-pepton), 1·08337 (glucose), 1·01614 (agar-agar) and Oxoid
Sr0177E) after aerobic incubation for 2d. Haemolytic bacteria
were enumerated on blood agar (Oxoid Pb5039A) after aerobic
incubation for 1d. Clostridium perfringens were enumerated
using the pour-plate technique on tryptose sulfit cycloserine agar
(Merck 1·11972, 1·00888) after anaerobic incubation for 1 d. Lactic
acid bacteria (LAB) were enumerated on de Man, Rogosa and
Sharp agar (Merck 1·10660) after anaerobic incubation for 2d.
Total anaerobic bacteria were enumerated in roll tubes containing
pig colon fluid-glucose-cellobiose agar(20) and incubated for 7d.
Plates and roll-tubes were incubated at 37°C.
DNA extraction
Samples for DNA extraction included forty-seven faecal samples
(one sample was missing from the SM-fed group on day 25) from
twelve piglets and seventy-two digesta (stomach, distal small
intestine, mid colon) samples from twenty-four piglets. DNA was
extracted with the E.Z.N.A. Stool DNA Kit (Omega Bio-Tek Inc.;
VWR International) following a standard protocol with the
following exception; bead beating was performed on a FastPrep
FP120 (Bio 101 Savant/MP Biomedicals) for 2×30 s. DNA extract
purity was evaluated with Nanodrop ND1000 (Thermo Scientific)
and quantified fluorometrically with Qubit 3·0 HS dsDNA assay
(Life Technologies; Thermo Fisher Scientific). DNA concentrations
were normalised to 5ng/μl by dilution.
16S rRNA gene amplicon sequencing
Amplicon libraries were generated by targeted amplification
of the V1–V3 hypervariable regions of the bacterial 16S rRNA
gene. The PCR reaction (25μl) contained 10ng template DNA,
Platinum® High Fidelity buffer (×1), dNTP (400μM of each),
MgSO4 (1·5mM) and Platinum
® Taq DNA polymerase High
Fidelity (1U) and barcoded library adapters (400nM). V1–V3
primers: 27F AGAGTTTGATCCTGGCTCAG and 534R ATTA
CCGCGGCTGCTGG. Thermocycler settings: initial denaturation
at 95°C for 2min, thirty cycles of 95°C for 20 s, 56°C for 30 s, 72°C
for 60 s and final elongation at 72°C for 5min. PCR reactions
were run in duplicate for each sample and pooled afterwards.
Purification of the amplicon libraries was performed using
the Agencourt AMPure XP bead protocol (Beckman Coulter)
and eluted in 23μl nuclease-free water. Individual libraries were
quantified with Quant-iT HS dsDNA assay (Life Technologies)
and quality checked on a Tapestation 2200 (Agilent). Libraries
were pooled in equimolar concentrations, and diluted to 4nM.
The library pool was sequenced using an Illumina MiSeq
(Illumina) and MiSeq reagent kit v3 (2× 300 PE). Raw reads are
available in the Sequence Read Archive (https://www.ncbi.nlm.
nih.gov) under accession number SRP093961.
Bioinformatic processing and analysis
The obtained raw sequencing reads were quality filtered and
trimmed using trimmomatic (version 0.32)(22), only keeping reads
with a minimum length of 275bp. The trimmed reads were
merged using FLASH version 1.2.7(23) and read pairs between
425 and 525bp in length were formatted for use with the UPARSE
workflow(24). Reads were dereplicated and clustered into
Operational Taxonomical Units (OTU) using USEARCH7 at
97% sequence similarity. Taxonomy was assigned using the RDP-
classifier as implemented in QIIME(25) with a minimum confidence
of 0·8 and Greengenes (version 08–2013) as a reference database.
Results were analysed in R studio (version 0.99.489 for Mac) using
the Ampvis package(26).
Statistical analyses
Principal component analysis was performed on square root
transformed OTU abundances. Significance of diet was tested on
the first two principal components (PC) using the envfit parametric
test and on the Bray–Curtis dissimilarity matrix using the Adonis
test(27). The parametric Wald-test(28) was used to test for significant
OTU abundance differences between the SM group and the MR
and BC groups. The Benjamini–Hochberg procedure was used for
adjusting P values, and OTU with an adjusted P<0·001 were
considered significantly different between the respective diets.
A constrained (by diet) redundancy analysis including bacterial
enumerations and organic acids was performed to check for
potential correlations between bacterial enumerations, organic
acids and sequencing data using the envfit parametric test(27).
Correlations were considered significant when P<0·05.
The impact of diet and age on bacterial and organic acid
parameters, microbial richness, and Shannon diversity index were
investigated by fitting the data to a linear mixed model using the
lmer function from the lme4 package(29) using R studio (version
0.99.489 for Mac). Diet and age/intestinal segment were included
as fixed effects, whereas pig and sow were included as random
effects (by including random intercept terms) to account for
multiple observations made on the same litter and on the same
pig. When analysing the body weight variable, the piglets’ body
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weight at the beginning of the experiment (day 23) was included
as a co-variate. The fixed effects were tested using an F test with
Kenward–Roger approximation, where the reduced model was
tested against the full model. This was done using the KRmod-
comp function in the pbkrtest package(30). When a fixed effect
was found to be significant, a post hoc test was performed using
the multcomp package and Bonferroni adjustment to correct for
multiple comparisons(31). Effects were considered significant
when P< 0·05 and as trends when 0·05≤P< 0·10.
Results
During the course of the experiment, one BC-fed piglet was
euthanised due to vomitus and general weakness and one MR-
fed piglet died. At 30 d of age, SM-fed piglets weighed more
than BC-fed (P= 0·016) and MR-fed piglets (P= 0·011)
(Table 2). The diarrhoea incidence rate was highest in the
MR-fed group (Table 2).
Microbiome composition: 16S rRNA gene
amplicon sequencing
Sequencing of 119 samples yielded a total of 2 090 874
sequences. A sequencing depth of 5000 sequences was
considered appropriate from rarefaction curves, excluding four
samples from analysis (data not shown). Recovered sequences
clustered into 2485 OTU, which were classified into thirty-four
bacterial phyla, 154 families and 271 genera. Eight phyla had an
overall relative abundance above 1%.
Faecal microbiota
The relative abundance of the eight most abundant phyla
(relative abundance >1%) and twenty most abundant genera
are presented in Fig. 1(A) and (B). Irrespective of diet and age,
Firmicutes and Bacteroidetes dominated the communities.
Prevotella and Oscillospira were the most abundant and stable
genera both regarding diet and age. Of the twenty most
abundant genera, ten belonged to the phylum Bacteroidetes
and nine to the phylum Firmicutes. The microbial community
richness was not influenced by diet or age (Fig. 1(C) and online
Supplementary Fig. S1(a)). The Shannon diversity was higher in
MR-fed compared with BC-fed piglets (P= 0·015; Fig. 1(D)).
There was a significant effect of diet on the overall faecal
microbial community composition of the three dietary groups
on days 25 (Padonis= 0·01) and 30 (Padonis= 0·008) (Fig. 2).
However, no OTU were found to differ significantly in their
read abundances between diets.
Digesta microbiota
Fig. 3(a) and (b) presents the eight most abundant phyla and
twenty most abundant genera of the microbial communities of the
stomach, distal small intestine and mid-colon. Irrespective of diet,
the microbial communities of the stomach and mid-colon were
dominated by Firmicutes, followed by Bacteroidetes. The distal
small intestinal community was dominated by Firmicutes in SM-fed
piglets, Firmicutes and Proteobacteria in MR-fed piglets, and
Firmicutes followed by Proteobacteria and Actinobacteria in
BC-fed piglets. Overall, Lactobacillus and Prevotellawere the most
dominating genera in the stomach and mid colon. In addition,
Mitsuokella was the third most dominating genus in the stomach
of BC-fed piglets. The microbial community of the distal small
intestine was dominated by Lactobacillus (most pronounced
in SM-fed piglets) and Enterobacteriaceae in MR-fed piglets. The
community richness and Shannon diversity in the stomach,
distal small intestine and mid colon did not differ between diets
(Fig. 3(c) and (d) and online Supplementary Fig. S1(b)). Diet
had a significant effect on the overall microbial community
of the stomach (Padonis=0·001; Fig. 4(a)), distal small intestine
(Padonis=0·001; Fig. 5(a)) and mid colon (Padonis=0·001; Fig. 6(a)).
In the stomach, when comparing BC- to SM-fed piglets, six
out of 551 OTU were found to have significantly different read
abundances (Fig. 4(b)), all with a higher read abundance in BC-
fed piglets. OTU_72, belonging to Lactococcus, was the most
significantly changed OTU, having a higher read abundance in
BC-fed piglets (P= 5·3 E − 6; log2-fold change= − 8·4). Nine out
of 566 OTU were found to have significantly different read
abundances in MR- and SM-fed piglets (Fig. 4(c)). OTU_66,
belonging to Lactobacillus, was the most significantly changed
OTU, having a higher read abundance in SM-fed piglets
(P= 2·7 E−11; log2-fold change= 7·5).
Table 2. Body weight at 23 (initial body weight) and 30d of age, milk replacer and bovine colostrum powder intake in grams per pen, and diarrhoea
incidence rate
(Least square means and 95% confidence intervals)
Dietary group*
SM MR BC
Items Least square mean 95% CI Least square mean 95% CI Least square mean 95% CI P
Body weight day 23 (kg) 8·9 8·5, 9·4 8·1 7·7, 8·5 8·2 7·8, 8·6
Body weight day 30 (kg) 10·2b 9·8, 10·6 9·4a 8·9, 9·8 9·4a 9·0, 9·9 0·005
Powder intake (g) ND 3980 2168, 5791 2653 842, 4465 0·25
Diarrhoea incidence rate† 0·038 0·172 0·054
SM, sow milk; MR, powdered porcine milk replacer; BC, spray-dried bovine colostrum powder; ND, not determined.
a,b Mean values within a row with unlike superscripts letters are significantly different (P<0·05).
* Number of piglets: SM=12, MR=11, BC=11.
† Defined as the ratio between the number of new cases of diarrhoea in the study period and the total number of days the piglets have been in risk (i.e. the number of days from the
animal enters the study until the animal (a) shows clinical signs of diarrhoea, (b) dies or (c) the study ends)(32).
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Clustering of MR-fed piglets was explained by the higher
relative abundance of Enterobacteriaceae, clustering of SM-fed
piglets was explained by Lactobacillus, and clustering of BC-fed
piglets was explained by Lactococcus (Fig. 5(a)). Comparing
BC- and MR-fed piglets with SM-fed piglets resulted in eleven
out of 433 (BC fed) and 435 (MR fed) OTU having significantly
different read abundances (Fig. 5(b) and (c)). As observed in
the stomach, OTU_72 belonging to Lactococcus was found to
be the most significantly changed OTU when comparing
BC-fed and SM-fed piglets, having a higher read abundance in
BC-fed piglets (P= 2·2 E − 15; log2-fold change=−12·0). OTU_6,
belonging to Enterobacteriaceae, was the most significantly
changed OTU when comparing MR- to SM-fed piglet
(P= 4·0E−10; log2-fold change=− 8·7), having a higher read
abundance in MR-fed piglets.
Mid colon samples showed distinct grouping according to diet
on PC3 (when plotted as a function of PC1) with MR-fed piglets
clustering by themselves (Fig. 6(a)). Fourteen out of 802 OTU
were found to have significantly different read abundances
when comparing BC- and SM-fed piglets (Fig. 6(b)). The most
significantly changed OTU was OTU_1 (P=4·7E−12; log2-fold
change=5·6), belonging to Lactobacillus, and was found to have a
higher read abundance in SM-fed piglets. Comparing MR- and SM-
fed piglets resulted in thirteen out of 840 OTU being significantly
different (Fig. 6(c)). OTU_47, belonging to Blautia, was the most
significantly changed OTU (P=1·1E−13; log2-fold change=−9·5)
and was found to have a higher read abundance in MR-fed piglets.
DM and pH
There was no difference in digesta pH between diets. DM content
of digesta varied between diets, being dependent on gut segment
(online Supplementary Table S1). There was no difference in
DM content of digesta from the proximal small intestine and
caecum between diets. DM content of digesta from the stomach
(P< 0·0001), proximal colon (P≤ 0·002) and mid colon
(P≤ 0·006) was highest in SM-piglets, whereas being higher in
digesta from the distal small intestine (P= 0·049) of BC-piglets
compared with MR-piglets. The lowest DM content of digesta
from the distal colon was found in MR-piglets (P≤ 0·0003).
Microbiological enumerations and concentration of
organic acids
Faeces. The number of C. perfringens was lower on day 30
compared with day 23 (P=0·0006) and day 25 (P=0·0008) for all
diets, but there was no difference in any of the investigated
microbial groups between diets (online Supplementary Table S2).
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Fig. 1. Relative sequence abundances, estimated species richness and Shannon diversity index of faecal samples collected at 23, 25, 27 and 30 d of age from piglets
fed sow milk (SM; n 15), milk replacer (MR; n 15) or bovine colostrum (BC; n 16). Heatmaps show the relative abundances (%) of (A) the eight most abundant phyla
and (B) the 20 most abundant genera in faecal samples. As some of the high abundant Operational Taxonomical Units (OTU) could not be classified to genus level,
these are presented as their OTU number together with their best classification. Colours represent the relative abundances. Boxplots show the (C) estimated species
richness and (D) Shannon diversity index. a,b Values with unlike letters were significantly different (P< 0.05).
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Tendencies (P=0·06) to higher LAB numbers in the SM-fed group,
and higher yeast numbers in the MR-fed group were observed,
though. Results of haemolytic bacteria have not been included due
to the majority of counts being below detection level.
Faecal concentrations of acetic (P≤0·004), propionic
(P≤0·013), butyric (P≤0·0034) and their sum (P≤0·001) were
higher in BC-fed compared with SM- and MR-fed piglets (Table 3).
The concentration of the sum of iso-butyric and iso-valeric acid was
highest in BC-fed piglets (P≤0·009) on days 25, 27 and 30. The
concentrations of propionic (P≤0·037), butyric (P≤0·045) and the
sum of acetic, propionic and butyric (P≤0·045) acid were higher
on days 25, 27 and 30 compared with day 23. The acetic acid
concentration was higher on day 25 (P=0·014) and day 30
(P=0·001) compared with day 23. In BC-piglets, the concentration
of the sum of iso-butyric and iso-valeric acid was lowest on day 23
(P≤0·003).
Digesta. Haemolytic bacterial counts in digesta from the distal
small intestine (P= 0·0002), caecum (P= 0·003) and mid colon
(P= 0·001) were higher in MR-fed compared with SM-fed
piglets (Table 4). The number of C. perfringens was higher in all
segments of BC-fed (P= 0·041) compared with MR-fed piglets
but similar to those in the SM-fed group.
The concentration of the sum of iso-butyric and iso-valeric
acid in digesta from the colon (P≤ 0·02) was higher in BC-fed
compared with MR-fed piglets, whereas the caecal concentra-
tion was higher in SM-fed (P= 0·036) compared with MR-fed
piglets (Table 5).
Correlation between 16S rRNA gene sequences,
organic acids and bacterial enumerations
The constrained redundancy analysis performed on all samples
(16S rRNA amplicon data) with fitted microbial enumerations and
SCFA data (lactic acid omitted as detectable concentrations
were only found in digesta) showed a clear separation between
the different diets. Furthermore, various correlations between the
different diets and microbial counts and SCFA concentrations were
found (Fig. 7). Samples from the SM-fed piglets correlated with the
number of LAB (r2 0·11; P= 0·02), whereas samples from the
MR-fed piglets correlated with the number of haemolytic bacteria
(r2 0·30; P=0·001) and yeasts (r2 0·25; P=0·001). Samples from
the BC-fed piglets correlated with the concentration of iso-butyric
(r2 0·38; P=0·001), iso-valeric (r2 0·32; P=0·001), the sum of
iso-butyric and iso-valeric acid (r2 0·36; P= 0·001), and to a lesser
degree with the number of C. perfringens (r2 0·10; P=0·02) and
concentration of acetic (r2 0·18; P=0·002), propionic (r2 0·15;
P=0·005), butyric (r2 0·16; P=0·002), valeric (r2 0·21; P=0·001),
and the sum of acetic, propionic and butyric acid (r2 0·18;
P =0·002).
Discussion
Several studies have investigated the effects of supplementary
BC feeding on a variety of host protective functions in
pigs(13,16,33). However, according to our knowledge, no studies
have focused on the effect of BC on the gut microbiota when
fed as the only source of nutrients.
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Fig. 2. Principal component analysis of square root transformed Operational Taxonomical Units (OTU) abundances in faecal samples (n 46) collected at (a) 23,
(b) 25, (c) 27 and (d) 30 d of age displaying principal components (PC)1 and 2. Points are coloured according to diet. , Colostrum; , milk replacer; , sow milk.
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The piglets in the SM- and BC-fed dietary groups were
separated (weaned) from their dam at 23 d of age. As weaning
is a highly stressful experience resulting in decreased feed
intake and nutrient digestion capacity(34), the piglets in the
present study, weaned at a relatively young age, were used as
models for weak piglets in regards to having an unstable
(immature) intestinal microbiota, suboptimal nutrient digestion
and impaired immune status. Hence, the animals were regarded
as suitable models when the aim was to study the impact
of dietary components on the gastrointestinal microbial
communities.
The microbial community is known to vary in composition
according to gastrointestinal segment(35), and samples were there-
fore collected from different locations along the gastrointestinal
tract in the present study. In addition, to be able to follow the
development of the microbiota from the same pigs over the course
of the experiment, faecal samples were collected as well. Using 16S
rRNA gene sequencing, we showed that there were clear
differences in the microbial communities from piglets fed different
milk-based diets. As expected, the microbial communities were
gut-region dependent, and the diets had different effects on the
microbial community in the different regions of the gastrointestinal
tract. The present results showed a clear influence of diet on the
microbial communities of the stomach, small intestine and colon.
Diet did not influence the faecal microbial community to the same
level as the digesta communities, suggesting that the faecal
microbiota may need longer time to adjust in order to become
diet specific.
The higher abundance of LAB genera as for example
Lactococcus and Leuconostoc seen in BC-fed piglets was not
observed in MR-fed piglets. An in vitro study by Champagne
et al.(36) showed a stimulating effect of BC on LAB growth rates,
suggestively due to the oligosaccharides found in colostrum. As
BC has a higher content of oligosaccharides than mature
milk(37), such oligosaccharides might be the reason why BC-fed
and not MR-fed piglets were found to have a higher read
abundance of LAB as Lactococcus, Mitsuokella and Leuconostoc
in their stomach and small intestinal digesta than SM-fed piglets.
Compared with the SM-fed piglets, the microbial communities
of the stomach and small intestine of BC-fed piglets indicated a
shift in LAB genera. OTU belonging to Lactococcus, Leuconostoc,
Streptococcus and Carnobacterium were more abundant in
BC-fed piglets, whereas the LAB of SM-fed piglets were mainly
dominated by Lactobacillus. Lactococcus sp. is not part of the
commensal pig gut microbiota, but has been reported to have
bacteriocin producing properties(38). Lactococcus and Leuconostoc
have most frequently been associated with fermented dairy
products; Carnobacterium has been found in dairy products,
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Fig. 3. Relative sequence abundances, estimated species richness and Shannon diversity index of stomach, distal small intestinal and mid colon digesta samples
from piglets fed sow milk (SM; n 23), milk replacer (MR; n 23) or bovine colostrum (BC; n 23). Heatmaps show the relative abundances (%) of (a) the eight most
abundant phyla and (b) twenty most abundant genera. As some of the high abundant Operational Taxonomical Units (OTU) could not be classified to genus level,
these are presented as their OTU number together with their best classification. Colours represent relative abundances. Boxplots show the (c) estimated species
richness and (d) Shannon diversity index.
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Fig. 4. (a) Principal component analysis of square root transformed Operational Taxonomical Units (OTU) abundances displaying principal components (PC)1 and 2;
stomach digesta (n 21) , colostrum; , milk replacer; , sow milk. Points are coloured for diet. Boxplots show the OTU significantly different between (b) sow milk fed
( ) and bovine colostrum ( ) fed piglets and (c) sow milk fed ( ) and milk replacer ( ) fed piglets.
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Fig. 5. (a) Principal component analysis of square root transformed Operational Taxonomical Units (OTU) abundances displaying principal components (PC)1 and 2;
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Fig. 6. (a) Principal component analysis of square root transformed Operational Taxonomical Units (OTU) abundances displaying principal components (PC)1 and 3;
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meat and fish(39); and Streptococcus sp. has previously been
isolated from the gastrointestinal tract of pigs(40). BC-fed piglets
furthermore had a higher abundance of Mitsuokella in the
stomach digesta, which previously has been isolated from the
stomach and colon digesta of pigs(40,41). Levine et al.(42) reported
an inhibiting effect of Mitsuokella jalaludinii on Salmonella
typhimurium. They found that the combined effect of acetic, lactic
and succinic acid produced by M. jalaludinii during fermentation
in vitro, and the accompanied decrease in pH, was able to inhibit
the growth of and cellular invasion by S. typhimurium. The
authors therefore proposed M. jalaludinii to have potential as a
probiotic species. In our study, we were not able to determine the
Misuokella species in question, however, blasting OTU_1282
revealed a 97% similarity toM. jalaludinii. Hence, assuming that it
was M. jalaludinii, it could be speculated on the aforementioned
beneficial effects. Hence, the presence of a potentially probiotic
bacteria in BC-fed piglets may have enhanced resistance against
pathogens (such as Enterotoxigenic Escherichia coli (ETEC)) and
intestinal mucosal integrity in these animals. Sugiharto et al.(14),
analysing samples from the animals included in the present study,
reported fewer E. coli and a lower expression of TLR-4 and IL-2 in
the small intestinal tissue of BC-fed piglets compared with MR-fed
piglets, which furthermore suggests a beneficial effect of the BC
diet. Whether M. jalaludinii or other bacteria contributed to these
effects cannot be elucidated here.
16S rRNA gene sequencing on bacterial DNA from distal small
intestinal digesta revealed that MR-fed piglets had a higher
abundance of Enterobacteriaceae when compared to SM-fed
piglets. ETEC belongs to the Enterobacteriaceae family and is an
intestinal pathogen frequently observed after weaning causing
post-weaning diarrhoea. ETEC produces haemolysin, a virulence
factor enabling haemolysis of erythrocytes(43). By bacterial
culture, we observed a higher number of haemolytic bacteria in
digesta from MR-fed compared with SM- and BC-fed piglets. The
higher abundance of Enterobacteriaceae observed using 16S
rRNA gene sequencing could therefore represent a higher
abundance of potential intestinal pathogens such as ETEC. This is
further supported by the higher diarrhoea incidence observed in
MR- compared with BC- and SM-fed piglets. The improved faecal
consistency in BC-fed piglets is in accordance with results by
Huguet et al.(15) who found an improved sanitary status and
faecal consistency in weanling pigs supplemented with BC. The
fact that BC-fed piglets in the present study experienced less
diarrhoea than MR-fed piglets could be due to the effect of
immunoglobulins and growth promoting factors present in
colostrum. The high content of IgG provides passive immune
protection to the newborn calf(44) and growth factors stimulate
enterocyte proliferation(8), potentially resulting in a less disturbed
intestinal barrier. BC has furthermore been reported to inhibit
E. coli growth in vitro(36). De Vos et al.(33) investigated the effect
Table 3. SCFA concentrations (μmol/g) in faeces from piglets at 23, 25, 27 and 30 d of age*
(Least square means and 95% confidence intervals)
Dietary group†
SM MR BC P
Items Least square mean 95% CI Least square mean 95% CI Least square mean 95% CI D A D×A
Acetic acid y y z 0·0005 0·0008 0·06
Day 23 30·5 22·8, 38·3 28·0 20·2, 35·7 46·3 38·5, 54·0 a
Day 25 42·0 34·1, 49·8 39·4 31·5, 47·3 57·7 49·9, 65·5 b
Day 27 37·6 29·8, 45·4 35·1 27·2, 42·9 53·4 45·3, 61·5 a,b
Day 30 45·3 37·5, 53·1 42·8 34·8, 50·7 61·1 53·1, 69·0 b
Propionic acid y y z 0·002 <0·0001 0·41
Day 23 7·4 5·6, 9·7 6·6 5·0, 8·7 11·9 9·0, 15·6 a
Day 25 10·9 8·2, 14·4 9·8 7·4, 12·9 17·5 13·2, 23·0 b
Day 27 13·4 10·2, 17·7 12·0 9·1, 15·9 21·5 16·1, 28·7 b
Day 30 15·4 11·7, 20·3 13·8 10·4, 18·3 24·7 18·6, 32·7 b
Butyric acid y y z 0·0008 0·002 0·11
Day 23 1·6 0·8, 2·9 0·9 0·4, 1·7 3·9 2·2, 6·8 a
Day 25 3·9 2·2, 6·8 2·3 1·2, 4·1 9·0 5·2, 15·4 b
Day 27 3·5 2·0, 6·1 2·1 1·1, 3·7 8·2 4·6, 14·3 b
Day 30 4·5 2·5, 7·7 2·7 1·4, 4·8 10·3 5·9, 17·7 b
A+P+B y y z <0·0001 0·0002 0·09
Day 23 41·8 28·4, 55·2 34·8 21·4, 48·2 71·3 58·5, 85·4 a
Day 25 61·8 48·1, 75·4 54·8 41·1, 68·5 91·9 78·4, 105·5 b
Day 27 59·6 46·0, 73·1 52·6 39·0, 66·2 89·7 75·6, 103·8 b
Day 30 70·8 57·2, 84·4 63·8 49·9, 77·7 101·0 87·2, 114·8 b
IB+ IV <0·0001 0·002 0·0004
Day 23 3·5 2·2, 5·5 2·0 1·2, 5·5 3·7A 2·4, 5·7
Day 25 3·3b 2·1, 5·3 3·5b 2·2, 5·3 10·8a,B 7·0, 16·4
Day 27 3·8b 2·4, 5·9 2·0b 1·2, 5·9 11·9a,B 7·3, 19·4
Day 30 5·0b 3·2, 7·7 3·0b 1·8, 7·7 12·9a,B 8·3, 20·0
SM, sow milk; MR, milk replacer; BC, bovine colostrums; D, diet; A, age; A+P+B, acetic + propionic + butyric acid; IB + IV, iso-butyric + iso-valeric acid.
y,z Columns with different letters within a SCFA group are significantly different.
a,b Mean values within a row with unlike superscript letters are significantly different.
A,B Mean values within a column with unlike superscript letters are significantly different.
a,b Rows with different letters within a SCFA group are significantly different.
* Detection levels (mmol/kg): 1·1 (acetic acid), 0·5 (propionic acid), 0·3 (butyric acid), 0·3 (iso-butyric acid) and 0·3 (iso-valeric acid).
† Number of piglets: BC=12, except day 5 (n 9) and day 8 (n 11); MR=12, except day 3 (n 11) and day 8 (n 10); SM=12, except day 3 (n 10).
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of feeding 3-d-old piglets a milk replacer supplemented with a BC
whey fraction on the intestinal permeability, and found an
increased occludin gene expression and decreased mannitol
absorption, thus indicating an effect on the enterocyte-to-
enterocyte adherence and hence gut barrier function.
The change in genera belonging to LAB in BC-fed piglets, and
the rise in the number of potentially pathogenic Enterobacteria-
ceae in MR-fed piglets, confirms that BC in fact is able to
promote a gut microbiota inhabited by host-beneficial bacteria.
The observation in MR-fed piglets agrees with previous piglet
studies, where MR-feeding was found to be accompanied by a
rise in Enterobacteria(45). In agreement with the general belief
that mother’s own milk is the preferred nutrition for suckling
piglets, it was obvious that sow milk was superior to the
investigated experimental diets. However, when mother’s milk
is not sufficiently available, the loss of crucial protective
compounds may be counteracted by some of the bioactive
components found in BC. This potential can also be taken
advantage of when piglets are weaned. BC has previously been
shown to have a beneficial effect on both weight gain and feed
intake in piglets post-weaning(15,46). The apparent ability of BC
to reduce the number of Enterobacteriaceae in digesta suggests
that BC has the potential to reduce the intestinal colonisation of
ETEC. This is supported by results from the current animal study
published by Sugiharto et al.(14) who confirmed that the
number of mucosa-associated E. coli and haemolytic bacteria
was reduced in the jejunal and ileal tissue of BC-fed piglets.
Hence, feeding BC during the transition period related to
weaning may be a promising strategy to enhance gut health of
newly weaned piglets.
Despite the high content of growth factors reported in BC, we
found no difference in growth performance between BC-fed
and MR-fed piglets over the period of 1 week post-weaning.
The present study, however, was not designed as a
performance study per se. The study by De Vos et al.(33) did not
obtain any effect on growth performance when feeding BC-
supplemented milk replacer to 3–10 d-old-piglets. Other studies
have reported an increased growth performance when piglets
were fed weaning diets supplemented with BC compared with
unsupplemented diets(15,46).
The chemical compositions of the diets were very different
and with the most noticeably difference being the protein content.
The high-protein content of BC was attributed to the high
concentration of immunoglobulins(12). As branched SCFA (BCFA)
Table 4. Counts (log colony-forming units/g) of selected microbial groups in digesta from the gastrointestinal tract of 30-d old piglets (end of experiment)*†
(Least square means and 95% confidence intervals)
Dietary group‡
SM MR BC P
Items Least square mean 95% CI Least square mean 95% CI Least square mean 95% CI D S D×S
Enterobacteriaceae 0·42 <0·0001 0·08
Stomach <4·9 (1) 3·9, 5·8 <5·5 (3) 4·5, 6·4 <5·1 (2) 4·1, 6·0
Distal small intestine 7·7 6·8, 8·7 8·3 7·4, 9·3 7·9 7·0, 8·9
Caecum 8·1 7·1, 9·0 8·7 7·7, 9·6 <8·3 (1) 7·3, 9·2
Mid colon 8·2 7·2, 9·1 8·8 7·8, 9·7 8·4 7·4, 9·3
Haemolytic bacteria 0·003 <0·0001 <0·0001
Stomach <4·0 (3) 3·2, 4·9 <4·3 (2) 3·5, 5·2 <4·5 (4) 3·6, 5·3
Distal small intestine <5·1a (3) 4·2, 5·9 8·3b 7·4, 9·1 <6·8b (2) 5·9, 7·6
Caecum <6·2a (4) 5·3, 7·0 8·6b 7·7, 9·4 <7·4a,b (2) 6·6, 8·3
Mid colon <6·0a (3) 5·1, 6·8 8·6b 7·8, 9·5 <7·4a,b (2) 6·5, 8·2
Clostridium perfringens a,b a b 0·03 <0·0001 0·15
Stomach 4·3 3·7, 5·0 3·3 2·7, 3·9 4·6 4·0, 5·2
Distal small intestine 5·2 4·5, 5·8 <4·1 (4) 3·5, 4·8 5·4 4·8, 6·0
Caecum 5·5 4·9, 6·1 <4·5 (2) 3·8, 5·1 <5·7 (1) 5·1, 6·4
Mid colon 5·4 4·7, 6·0 <4·3 (2) 3·7, 5·0 5·6 5·0, 6·2
Lactic acid bacteria 0·07 <0·0001 0·16
Stomach 8·5 8·0, 9·0 7·8 7·3, 8·3 8·1 7·6, 8·6
Distal small intestine 8·3 7·8, 8·8 7·6 7·1, 8·1 7·9 7·4, 8·4
Caecum 8·6 8·1, 9·1 7·9 7·4, 8·4 8·2 7·7, 8·7
Mid colon 9·0 8·5, 9·5 8·3 7·8, 8·8 8·6 8·1, 9·1
Yeast 0·12 0·001 0·30
Stomach <4·1 (2) 3·2, 5·1 5·5 4·5, 6·4 <4·4 (1) 3·4, 5·3
Distal small intestine 4·1 3·2, 5·1 5·5 4·5, 6·5 4·4 3·4, 5·3
Caecum <4·3 (1) 3·3, 5·2 5·6 4·7, 6·6 4·5 3·6, 5·5
Mid colon 4·6 3·7, 5·6 6·0 5·1, 7·0 4·9 3·9, 5·9
Total anaerobic bacteria 0·47 <0·0001 0·34
Stomach 8·5 8·2, 8·9 8·3 7·9, 8·7 8·5 8·1, 8·9
Distal small intestine 8·9 8·5, 9·3 8·7 8·3, 9·0 8·9 8·5, 9·3
Caecum 9·4 9·0, 9·8 9·2 8·8, 9·6 9·4 9·0, 9·8
Mid colon 9·8 9·4, 10·2 9·5 9·1, 9·0 9·8 9·4, 10·2
SM, sow milk; MR, milk replacer; BC, bovine colostrums; D, diet; S, intestinal segment; < , indicates that at least one of the observations used to calculate the least square mean
was below detection level.
a,b Mean values within a row with unlike superscript letters are significantly different.
a,b Columns with different letters within a microbial group are significantly different.
* Numbers in brackets indicate how many samples were below detection levels.
† Samples from the stomach, distal small intestine, caecum and mid colon were analysed.
‡ Number of piglets: BC=4; MR=4; SM=4.
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are indicators of protein fermentation(47,48), the higher concentra-
tions of iso-valeric and iso-butyric acid in faeces and digesta from
BC-fed piglets most likely reflect that these piglets were fed a high-
protein diet. Protein fermentation, however, also produces
unwanted and potentially toxic compounds such as ammonia(49),
amines, phenols and indols(48). Other reports have shown an
increased shedding of E. coli from pigs fed high-protein diets(50)
and a decreased ileal cytokine response upon lipopolysaccharide
stimulation in pigs fed a high-protein milk formula in early life(51).
In the present study, we did not see any association between the
higher protein content in the BC diet and an increased shedding of
pathogenic bacteria as E. coli. Besides a higher concentration of
BCFA, feeding BC also resulted in higher digesta concentrations of
the SCFA acetic, propionic and butyric acid, which are considered
to be beneficial to the host(48).
Conclusion
In conclusion, feeding BC to piglets in the immediate post-weaning
period reduced the number of potential pathogenic ETEC in the
intestinal content and faeces when compared with piglets fed MR.
Especially the distal small intestinal microbiota of piglets fed BC had
a closer resemblance to that of piglets fed SM than had the
microbiota of piglets fed MR. As our study does not enable us to
account for the long-term effects of feeding BC, the effects of
increased protein fermentation, reflected by higher BCFA con-
centrations in BC-fed piglets, should be investigated in the future.
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Table 5. Organic acid concentrations (μmol/g) in digesta from four segments of the gastrointestinal tract of 30 d-old piglets (end of experiment)*†
(Least square means and 95% confidence intervals)
Dietary group‡
SM MR BC P
Items Least square mean 95% CI Least square mean 95% CI Least square mean 95% CI D S D×S
Lactic acid§ 0·11 0·64 0·09
Stomach 9·0 4·1, 17·5 7·2 3·2, 14·5 2·8 0·7, 6·6
Distal small intestine 8·7 4·0, 17-1 7·1 3·1, 14·2 2·8 0·7, 6·5
Acetic acid 0·42 <0·0001 0·46
Stomach 3·4 1·6, 6·3 2·7 1·2, 5·2 4·1 2·0, 7·5
Distal small intestine 7·1 3·8, 12·5 5·8 3·0, 10·4 8·3 4·6, 14·6
Caecum 52·5 31·0, 88·5 44·1 25·7, 75·2 61·0 36·1, 102·7
Mid colon 44·0 26·0, 73·9 36·9 21·7, 62·3 51·2 30·3, 85·8
Propionic acid 0·10 <0·0001 0·30
Stomach 2·5 1·2, 4·8 1·5 0·6, 3·0 3·3 1·7, 6·2
Distal small intestine 0·8 0·2, 1·8 0·4 0·0, 1·0 1·2 0·4, 2·4
Caecum 14·6 8·0, 26·3 9·4 5·0, 17·4 18·7 10·3, 33·6
Mid colon 17·4 9·7, 31·1 11·3 6·1, 20·3 22·3 12·4, 39·7
Butyric acid║ 0·56 0·64 0·13
Caecum 6·9 2·6, 11·3 5·6 1·1, 10·1 8·2 3·8, 12·5
Mid colon 6·8 2·5, 11·2 5·5 1·1, 9·9 8·1 3·7, 12·4
A+P+B 0·26 <0·0001 0·04
Stomach 6·8 3·7, 12·4 4·9 2·6, 8·9 7·7 4·2, 14·2
Distal small intestine 8·4 4·6, 15·4 6·0 3·3, 11·1 9·6 5·2, 17·6
Caecum 76·9 41·7, 141·6 55·0 29·4, 102·8 87·6 47·6, 161·3
Mid colon 71·9 39·2, 131·7 51·4 28·0, 94·5 81·9 44·7, 150·0
IB+ IV║ 0·02 0·65 0·03
Caecum 5·8a 3·3, 10·2 1·7b 0·8, 3·2 4·7a,b 2·6, 8·3
Mid colon 4·1a,b 2·3, 7·3 2·2a 1·2, 4·0 10·0b 5·7, 17·5
SM, sow milk; MR, milk replacer; BC, bovine colostrum; D, diet; S, intestinal segment; A +P+B, acetic + propionic + butyric acid; IB+ IV, iso-butyric + iso-valeric acid.
a,b Mean values with unlike superscript letters within a row are significantly different.
* Detection levels (mmol/kg): 1·9 (lactic acid), 1·1 (acetic acid), 0·5 (propionic acid), 0·3 (butyric acid), 0·3 (iso-butyric acid) and 0·3 (iso-valeric acid).
† Samples from the stomach, distal small intestine, caecum and mid colon were analysed.
‡ Number of piglets: BC=4; MR=4; SM=4.
§ Samples from the caecum and mid colon had values below detection level.
║ Samples from the stomach and distal small intestine had values below detection level.
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Fig. 7. Constrained redundancy analysis of square root transformed
Operational Taxonomical Units (OTU) abundances fitted with microbial
culture and SCFA data (n 115), displaying RDA1 and RDA2. The arrows
point toward the highest values and the length of the arrow indicates the
parameters significance. Ana, total anaerobic bacteria; Clos, Clostridium
perfringens; Entero, Enterobacteriaceae; Hem, haemolytic bacteria; Lab, lactic
acid bacteria; Ace, acetic acid; Apb, acetic + propionic + butyric acid; But,
butyric acid; Pro, propionic acid; Iso_But, iso-butyric acid; Iso_Val, iso-valeric
acid; Ibiv, iso-butyric + iso-valeric acid; Val, valeric acid. , Colostrum; , milk
replacer; , sow milk; , stomach; , distal small intestine; , mid colon; ,
faeces.
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